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SECTION 1
INTRODUCTION

1.1 BACKGROUND

The U.S. Air Force, recognizing that high performance
aircraft transparencies are a high cost item, is committed to
achieving lower cost-of-ownership for aircrait transparencies. A
means of achieving this goal would be to incorporate a realiatic
iaboratory test methodology which adequately addresses and
simulates all applicable in-service mission environmental
factoras, either sequentially or in combination as appropriate,
into the acquisition cycle of any transparency system.

Since 1981, the Univercity of Dayton Research Institute
(UDRI) conducted a survey of developmental testing and in-service
durability of F-15, F-16, and F-1ll1 tr. ""parencies for AFWAL/FIER
(Reference 1). The following organizati.ns were visited and
informal discussions held to identify areas of concern relating
to in-service durability and test method deficiencies: six Air
Force beses, namely Wright-Patterson, Hill, McClellan, Luke,
Mountain Home, and Cannon; two prime aircraft rianufacturers,
namely General Dynamics «nd McDonnell Aircraft; and five
transparency suppliers, namely Goodyear Aerospace, PPG
Industries, Sierracin/Sylmar, Swedlow, Inc., and Texstar
Plastics. These visits provided valuable insight into the
primary types of in-service failures such as crazing, scratching,
and haze associated with monolithic stretched acrylic; protective
surface coating adhesion, abrasion resistance, and embrittlement
associated with monolithic coated polycarbonate; and delamination
and optical deterioration associated with acrylic
faced/polycarbonate laminated construction.

Subsequently, from January 1982 to February 1983, UDRI
defined a methodology and criteria for testing and evaluating the
durability of high performance aircraft transparencies for
AFWAL/FIER using simulated in-service environmental conditioning
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{(Reference 2). It was designed to provide the maximum amount of
reliable data, in a timely manner, using a minimum amount of
coupon, subscale, and full-scale testing. Some aspects of the
resvltant methodology remained to be validated, such as simulated
in-service exposure correlation and acceptance criteria. It is
the coupon test portion of this methodology that forms the basis
for the program documented herein,

The objective of this program was to assess the degree of
validity of the existing test methodology defined in Reference 2
thxough the evaluation of laboratory generated test data when
compared to available in-service failure data; subsequent

recommendations being made to yield improvements in a revised
methodology.

1,2 QBJECTIVE

This program was based on a test matrix of approximately 364
coupon type specimens, as shown in Table 1.1, which were
fabricated, conditioned, and tested in accordance with a
comprehensive test plan. The experimental test phase was
primarily based on the recommended aircraft transparency test
methodology for durability evaluation as documented in Rzi'srence
2. Tests were performed on specimens cut from the following
full-scale production transparency designs:

e F-16a coated monolichic polycarbonate with the original
production coating, manufactured by Texs:ar;

e F-16a laminated canopy manufactured by Sierracin;

e F-15 monolithic stretched acrylic windshield manufactured
by Swedlow;

e F-15 monolithic stretched acrylic canopy manufactured by
Swedlow; and

e F-111 ADBIRT windshield manufactured by Sierracin.

Laboratory generated test data was evaluated and compared
with in-service failure data to assess the degree of validity of

i
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TABLE 1.1

TEST MATRIX
-
i 2 a | e -
g% |38 | £B|3 |33
o ﬁg 52 'Uﬁﬂg (] g w
. wf! ) 3 1~ (-Re]
- LB ) [4) =
F‘L 0OY e~ g'U g4 @ a ‘a-—l
. O REEHENER
‘ G - g
TEST PARAMETER nhg m3§*§3° &‘:g' SE
et EE R R
b RUE|IMNOO hﬁo (3] mg
- SURFACE/CHEMICAL CRAZE
i Isoropyl Alcohol 5 5 5 5 5
Ethylene Glycol 5 5 5 5 5
RAZE/TRANSMITTANCE 5 5 5 5 5
IMPACT - MTS BEAM 2
Baseline 5 5 5 5 5 2
Exposed 5 5 5 5 5 e
| IMPACT - FALLING WEIGHT - q
Baseline 10 10 10 s
o
Exposed 10 10 10 =
COATING ADHESION 10
INTERLAMINAR BOND INTEGRITY .
Flatwise Tension 5 5 3
Torsional Shear 5 5 '
Wedge Peel 5 5 i
THERMAL SHOCK -
Standard 5 5 5 5 5 3
Plus Partial Vacuum 5 5 5 5 5 %
ABRASION RESISTANCE i
In-Flight 5 5 5 5 5 2
Flightline 5 5 5 5 5 5
EDGE ATTACHMENT 3| 12] 10| 11 3 N
SUBTOTAL 48 77 85 91 63 s
TOTAL 364 E
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the test methodology. Recommendations have been made for
achieving improved laboratory testing realism.
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SECTION 2
TEST TRANSPARENCY DESIGNS AND SPECIMEN PREPARATION

2,1 MATERIAL PROCUREMENT FOR EXPERIMENTAL TESTS

Purchase orders were issued and the following five
production transparencies obtained for specimen fabrication:

Swedlow, Inc., one F-15 monolithic stretched acrylic
windshield and one F-15 monolithic stretched acrylic forward
canopy;

Texstar Plastics, one F-16A forward coated monolithic
polycarbonate canopy with the original production C254 coating;

Sierracin/Sylmar, one F-111 ADBIRT windshield, and

One Sierracin laminated F-16A canopy, Serial No. 31, was
furnished GFE.

Figure 2.1 presents the nominal cross-section of each
transparency.

2.2 SPECIMEN IDENTIFICATION AND LAYOUT

All specimens were identified using the following code:
"ij-k" where i denotes transparency design (A-E); j denotes test
parameter (0-2); and k denotes specimen number. These
identification codes were scribed on each specimen after
machining.

Transparency Design:

A = F-15 monolithic stretched acrylic windshield

B = F-15 monolithic stretched acrylic canopy

C = F-16A coated monolithic polycarbonate canopy
D = F-16A laminated canopy

E = F-111 laminated ADBIRT windshield

Test Parameter:

Surface/chemical craze
Haze/transmittance
Impact - MTS beam
Impact - falling weight
Coating adhesion
Flatwise tension
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Figdire 2.1. Nominal Transparency Cross-Section.
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Torsional shear
Wedge peel

Thernal shock
In-£f1light abrasion
Flightline abrasion
Edge attachment
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Figures 2.2 through 2.16 show photographs which were taken
of all transparencies to document specimen location.

2.3 SPECIMEN FABRICATION AND SEALING

All specimen fabrication was accomplished in the UDkI
machine shop. Specimens were first cut from the full-size
transparencies by jig-sawing and/or beud-sawing. As necessary,
selected edges of specimens, such as beam sides, were milled.
Cutting temperature was controlled during milling through the use
of cooling air. Edges were machined dry in a vertical mill using
a four flute l-inch diameter cutter at 900 RPM and a table feed
of 6-1/2 inches/minute. Care was taken to minimize heat-up by
removing less than 0.030-inch of material per cut. Polarized
light inspection was used in conjunction with the milling
operation to ensure that the level of residual machining stress
was negligible along the milled edges. 1In addition, the corners
of machined edges were deburred using #400 emery paper. All
specimen edges were sealed with General Electric RTV 630 silicone
prior to environmental conditioning.
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SECTION 3
EXPERIMENTAL TESTS

3.1 SURFACE/CHEMICAL CRAZE (INCREMENTAL STRESS CRAZE TEST
METHOD)

3.1.1 Specimen Configuration

The standard ASTM F484 beam dimensions were
modified, with the width being 1+0.03 in. and the length being
154+0.05 in. The thickness remained that of the as-received
transparency material. Specimens were cut from locations on the
actual transparencieé 80 as to minimize curvature along the beam
length and equalize the curvature between replicates.

3.1.2 Test Method

Bending stress decreases along the length of a
cantilever beam specimen from a maximum value at the fulcrum to
a minimum of 2ero at the point of load application (neglecting
locally induced stresses at the point of load application).
Thus, discrete points along the beam's length have unique values
of bending stress associated with them. '

A chemical applied along the length of the beam
would cause crazing first at higher stressed points and then
progressively at lower stressed points. By recording time for
crazing to occur at each point, many stress versus time-to-craze
points (in fact, an entire curve) can be obtained from a single
specimen and test.

The hardware for the incremental stress craze test
method (Figure 3.1) is very similar to that of the standard test
method. The fixturing, including cantilever supports and load
application gear, are identical. The extended specimen length
facilitates correlation of craze location with discrete points
(and thus values of bending stress) along the beam. These points
are marked at one-quarter and one-half inch intervals as shown in

Figure 3.2. Both laminated and monolithic specimens were
tested.
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Calibration beams were loaded to determine the
bending stress Aistribution over the beam length so that crazing
locations could be matched with tress values. This distribution
c8ild not be computed using elem. ¢y beam theory for laminated
matetial since low-modulus interlayers cause plane sections
noriial to the specimen axis to warp severely under test load and
for the morolithic specimens, because of the large scale

deflections, the validity of small deflection theory was
guestionable.

Five strain gages were, therefore, employed to
detetrmine the bending stress distribution (see Figure 3.3) for
each of the specimens. For the strain-gaged beam, a load that
would result in a nominal maximum fiber stress of 2,000 psi at
gage 3 was used. The strain readirqs do not stabilize, but
increase continuously under constant load. Due to the duration
of actual testing, it is necessary to account for this
viscoelastic hehavior (“creep").

The increase in strain was monitored and percent
"creep® curves computed for the gages; the percent "creep" being
defined as

€t "Ea

x 100%

where €0 is the strain at the instant of load application and €y

is the strain at some later time. An average of "creep" was
determined from the computed curves and used to correct the
strain reading recorded for each gage at the instant of load

application. The corrected strains were converted to stresses
using Hooke's law.

The specimens were loaded and allowed to stabilize
for 10 minutes. Isopropyl alcohol and ethylene glycol were then
applied along the length of the beams. The time for crazing to
initiate at each craze-propagation mark was recorded; the test

26
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being completed when craszsing reached the point of load
application or when the time elapsed from the beginning of
chemical application was 30 minutes. The chemicals used were
renewed during testing as follows:

l1sopropanocl: From 0 to 300 seconds, 1 ml of
alcohol was applied every 20 seconds, for a total of 15 ml for
the first 300 seconds. PFrom 301 to 700 seconds, 1 ml of alcohol
was applied every 30 seconds. A total of 13 ml of alcohol was
applied. From 701 to 1,000 seconds, 1 ml of alcohol was applied
every 60 seconds. A total of 5 ml was applied. From 1,001 to
1,800 seconds, 1 ml of alcohol was applied every 120 seconds. A
total of 7 ml was applied. For the duration of the test, a grend
total of 40 ml was applied.

Ethylene Glycol: From 0 to 180 seconds, 1 ml of
ethylene glycol was added every 30 seconds. A total of 6 ml was
applied, FPFrom 181 to 600 seconds, 1 ml of ethylene glycol was
applied every 60 seconds. A total of 7 ml was applied. From 601
to 1,800 seconds, 1 ml was appiied every 120 seconds. A total of
10 m1 was applied. For the duravion of the test, a grand total
of 23 ml was applied to the specimen.

Time-to-craze versus upper-ply surface stress along
the length of the beam specimen was plotted.

3.1.3 Environmental Conditioning

The Q.U.V. Accelerated Weathering Tester,
manufactured by the Q-Panel Company, Cleveland, Ohio, and shown
in Figure 3.4, combines the effects of the UV wavelengths of
sunlight with heat and condensation to simulate accelerated
weathering. Using the Q.U.V. tester with Q-Panel UVB-313 lamps,
an operating temperature of 120°F, alternating cycles of 7 hours
UV followed by 5 hours condensation, and based on a year of
natural weathering being simulated by 168 hours run time, the
specimens were conditioned for 504 hours or 3 equivalent

28
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Figure 3.4. QUV Accelerated Weathering Tester.
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years of accelerated weathering prior to test. Figure 3.5 shows
typical specimen mounting.

3.1,.4 Test Data

Table 3.1 presents the time to craze at 2,000 psi
for surface/chemical craze specimens cut from the five actual
transparencies and subjected to isopropyl alcohol and ethylene
glycol after 504 nours of accelerated weathering (Q.U.V.)

exposure, Data, in more detail, is plotted as shown in Appendix
A,

3,1.5 Data Analysis/Correlation

The proposed acceptance criteria specified that
there would be no crazing from isopropyl alcohol or ethylene
glycol at an outer fiber stress of 2,000 psi after 3
equivalent years of accelerated weathering exposure. With
isopropyl alcohol, all of the specimens crazed at this outer
fiber stress. With ethylene glycol, crazing was less severe,
Crazing did occur, however, on most of the specimens beyond the
2,000 psi outer ply stress, although some of the crazes were very
small, "dot" crazes, almost unnoticeable to the untrained eye.
This "dot" crazing is not necessarily prevalent enough to create
detrimental visual aberation. The monolithic stretched acrylics
showed the greatest resistance to crazing with both solvents.

The coated polycarbonate showed the least resistance with many of
the specimens showing some crazing even before the 10 minute
stabilizing period was through, and almost instantaneous crazing
of the entire specimen when the solvents were added. The acrylic
outer faces of the laminated F-16A canopy specimens all cracked
during the test with the isopropyl alcohol solvent. For all of
the specimens, either the proposed acceptance criteria was too
high or the Q.U.V. cycle was too severe. Most of the beams
crazed even at an outer fiber stress of 1,000 psi., Typical
tested beams are shown in Figure 3.6; Figures 3.7 through 3.9
showing resultant surface/chemical craze in detail.
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TABLE 3.1
SURFACE/CHEMICAL CRAZE DATA .
Isopropyl Alcohol Ethylene Glycol
Specimen Time ‘(sec) * Spe‘cimeh Time (sec)*
A0-1 139" 20-6 200 ’
[! A0-2 64 A0-7 did not craze
[ A0-3 76 A0-8 did not craze )
; A0~4 86 A0-9 53
| A0-5 65 A0-10 none
: : : ‘ L
BO-1 114 B0~-6 none i
? B0-2 86 BO-7 541 %
B0-3 93 B0O-8 none
; BO-4 104 BO-9 none o
| BO-5 111 B0-10 none -
E co-1 L1 C0-6 . R r
? ce-2 e co-7 * 3
; co-3 iR Co-8 : *h
| co-4 NI co-9 £
; Co0-5 L1 C0-10 *k
L DO-1 15 D0-6 crazed
DO-2 15 DO-7 16
DO-3 13 DO-8 15
DO-4 18 D0-9 23
D0~5 16 D0-10 did not cragze
EO-1 9.5 E0-6 505 .
E0-2 14 E0-7 495 i
E0-3 6 E0-8 528 |
E0-4 9 E0-9 108 o
E0-5 7 E0-10 527 -
* Time to ¢raze at 2,000 psi outer fiber stress.
** Crazed immediately after addition of chemical. .
o
ii
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Figure 3.7. Detail of F-15 Crazing.
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Figure 3.8. Detail of F-16A Crazing.
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Detail of F-111 Crazing.
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3.2 HASB/TRANSMITTANCE

3.2.1 Specimen Configuration

o o The standard FTM406-Method 3022 coupon, l-1/2"
square was used.

» Initially, four unexposed calibration coupons, two
having a maximum radius of curvature and two having a minimum
radius of curvature, were cut from the F-15 stretched acrylic
canopy and tested to measure the effect of specimen curvature on

haze and transmittance; resultant data shown below being
comparable to flat specimens.

Specimen Radius % Haze $ Transmittance
BP-1 : max 0.70 92.8
BP-2 max 1.00 92.9
BP-8 min 0.71 93.2
BP-6 min 0.74 93.0

3.2.2 Test Method

Federal Test Method Standard FTM406, Method 3022,

or equivalent. Figure 3.10 shows the Hazemeter used to measure
haze/transmittance.

3.2.3 Environmental Conditioning

Accelerated weathering was conducted in accordance
with Paragraph 3.1.3, with readings taken after 0, 1, 2, and 3
years of simulated exposure.

3.2.4 Test Data

Table 3.2 presents the complete haze and
transmittance results; this data being summarized in Table 3.3.
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Specimen Equivalent

Identifi-
cation No.

AP-1
AP-2
AP-3
AP-4
AP-§

AP-1
AP-2
AP-3
AP-4
AP-5

AP-1
AP-2
AP-3
AP-4
AP-5

AP-2
AP-3
AP-4
AP-5

BP-1
BP-2
BP-3
BP-4
BP-5
BP-6
BP-7
BP-8
8P-9

Exposure
Years

0

TABLE 3,2
HAZE AND TRANSNITTANCE RESULTS

Trans, Standard Naze Standard
] Average Dev. 3 Average Dev.
9.7 1.17
91.7 0.90
91.7 91.680  0.045 1.96 1,428 0,536
91.6 2.05
9.7 1.06
91.5 3.28
91.4 2,91
91.4 91.480 0.084 3.76 3.444 0.442
91.6 3.25
91.5 4.02
91.2 3.28
91.3 4.24
91.2 91.280 0.084 4.37 4.218 0.358
91.3 4,51
9.4 4.37
91.5 3.36
91.4 4.17
91.4 91.44 0.055 5.31 5.350 2.139
9.4 4.98
91.5 8.93
92.8 0.7¢
92,9 1.00
92.9 0.99
92.8 0.89
93.2 92,967 0.132 0.71 0.808 0.132
93.0 0.74
93.1 0.63
93.0 0.75
93.0 0.86
39
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Spocinln E
Q.hﬂﬂp
cation Ne,

8p-1
BR-2
ar-3
BP-4
BP-5
8P-6
ar-7
BR-8
8P-9

‘ AP-1
BP-2
BP-3
BP-4
BP-§
BP-6
BP-7
gpP-8
BP-9

BP-1
BP-2
CLEX
BP-4
BP-5
BP-§
BP-7
BP-8
BR-9

TABLE 3.2 {continued)

yivalgnt

cosuro Trans.
e

ars ]

2 92.9
92.4
9.6
92.3
92,9
92.6
90.5
92,3
93.0

3 92.7
92.2
92.5
92.4
92.7
92,5
92,6
92,8
92,8

Average

no 1-ysar readings taken.

82.41

92.58

40

Standard

Dev.

0.756

0.199

3.47

3.38
5.25
8.79
5.97
5.18
5.29
6.39
6.31
1.88

3.51
5,60
9.03
6.28
5.56
6.72
3.23
6.89
8.27

Average

6.05

6.12

L S

Standard
Dev.

1.587

1.930
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TABLE 3.2 (continued)

Specimen Equivalent

R Identifi- Exposure Trans. Standard Haze Standard
2 cation No.  Years % Average Dev. % Average Dev.
? CP-1 0 88.6 1.29
E,; CP-2 88.7 1.40
% ) CP-3 88.7 88.600 0.122 1.40 1.372 0.0705
i CP-4 88.4 1.46
N CP-5 88.6 1.31
cP-1 1 86.6 12.7
CP-2 85.9 17.1
CP-3 85.5 86.660 0.991 17.8  13.540 3.738
CP-4 87.8 10.1
CP-5 87.5 10.0
CP-1 4 79.9 36.6
cpP-2 80.3 36.6
CP-3 80.6 80.680 0.939 34.9 35,740 1.167
CP-4 82.3 34.1
3 CP-5 80.3 36.5
CP-1 3 83.1 36.0
CP-2 80.8 38.0
CP-3 8l1.3 81,580 1.406 46.9 39.600 4,641
CP-4 82.9 35.8
CP-5 79.8 41.3
0P-1 0 87.5 3.18
DP-2 87.7 2.86
DP-3 87.4 87.540 0.114 3.00 2,930 0.167
. DP-4 87.5 - 2.74
DP-5 87.6 2,87
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TABLE 3.2 (continued)

Speciman Izuivalont

!dtntifio xposure Trans. Standavd  Heze Standard
cation No. Years 3 Average Dev. 3 Average Dev.
oP-1 1 8.5 3.95
DP-2 87.5 4.63
W‘3 8706 87.600 0.‘22 ‘.86 ‘0‘9‘ 0.‘”
0P-5 87.6 5.02 ]
0Pl . 2 87.5 4,68 L
DP-2 87.8 4.95 ?!
0P-3 87.7 87.720 0.148  5.12 4.814  0.262 g
0P-4 87.7 WYY .
DP-5 87.9 4.88
Pl 3 83.0 5.86 :
DP-2 87.7 5.86 o
DP-3 88.2 87.940 0.230  3.78 5.282  0.865 .
DP-4 88.1 5.39
DP-5 81.7 ' 5.52
EP-1 0 84.9 3,22
EP-2 85.0 3.41
EP-3 84.7 84,900 0,122  3.37 3.314  0.085
EP-4 85.0 3.23
EP-5 84.9 3.34
EP-1 1 84.5 5.47
EP-2 84,3 6.03 :
EP-3 84,2 84.400 0.141 4,57 5.290  0.705 .y
EP-4 84,5 4.53 :
EP-5 84.5 5,85
:
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TABLE 3.2 (concluded)

P i

" Specimen Equivalent
g Identifi- Exposure Trans. Standard Haze Standard
o cation No. Years %  Average Dev. %  Average Dev.
EP-1 2 84,2 5.50
- EP-2 83.4 7.57
EP-3 83.6 83.7€0 0.305 6.61 6.310 0.921
- EP-4 83.7 5.31
EP-5 83.9 6.56
EP-1 3 84.0 11.24
EP-2 83.7 10.33
EP-3 83.8 83.680 0.259  7.76 9.742  1.629
2 EP-4 83.3 9.61
F EP-5 83.6 9.77
e
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TABLE 3.3
HAZE AND TRANSMITTANCE DATA SUMMARY

f Specimen Eguivalent
i c Identifi- Exposure Average % Standard Average % Standard
’% cation No. Years Transmittance Dev. Haze Dev.
3
: A 15 0 91.68 0.045 1.428 0.536
j 1 91.48 0.084 3.444 0.442
g 2 91.28 0.084 4,128 0.358
§ 3 91.44 0.055 5,35 2.139
?“
§ BP 1-10 0 92.967 0,132 0.808 0.132
g 1 91.9 (one reading) 3.47 (one reading) ‘
2 92.41 0.756 6.05 1.587
3 92,58 0.199 6.12 1.93
CP 1-5 0 88.6 0.122 1.372 0.0705
| 1 86.66 0.991 13.54 3.738
€ 2 80.68 0.939 35.74 1.167
3 3 81.58 1.406 39.6 4.641
DP 1-5 0 87.54 0.114 2.93 0.167
1 87.6 0.122 4.494 0.49
2 87.72 0.148 4.814 0.262
3 87.94 0.230 5,282 0.865
|
EP 1-5 0 84.9 0.123 3.314 0.085 ,
1 84.4 0.141 5,29 0.705 |
2 83.76 0.305 6.31 0.921
3 83.68 0.259 9.742 1.629
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Data Analysis/Correlation

The proposed acceptance criteria specified that
after three equivalent years of accelerated weathering exposure,
the percent haze shall not exceed 4% and transmittance shall be
within 2% of the unexposed baseline reading. All transparency
designs exceeded 4% haze after 3 years of simulated exposure
with the coated polycarbonate experiencing the most degradation.
Further discuésion is presented in Section 4. All transparency
designs met the proposed transmittance requirement except for the
coated polycarbonate. Typical tested coupons are shown in Figure
3.11; Figure 3.12 shows resultant haze in detail,

3.3 IMPACT-HIGH RATE MTS BEAM

3.3.1 Specimen Configuration

The three-point loaded beam specimens were machined
to t inches thick, 2t inches wide, and 14t inches long, where t
equals the as-received thickness. Beam edges were milled and
inspected using polarized light to ensure that the level of
residual machining stress was low; beam ends remained as band-
sawed. Additionally, the lengthwise corners of the specimen
edges were deburred using #400 emery paper in the region of
critical loading; the goal being to initiate failure from the
central surface and not the edges. Specimens were cut from the
actual transparencies so as to minimize curvature along the beam
length and equalize the curvature between replicates.

3.3.2 Test Method

The "high-rate" MTS beam test is an instrumented
flexure test utilizing three-point simply-supported loading. The
MTS test machine used to conduct these tests is a high
performance electrohydraulic closed loop test system with high
level control and data gathering capabilities (referenct Figure
3.13). It consists of the following major components: a
servohydraulic power pump, a specimen holding fixture, a reaction
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High Performance Electrohydraulic Closed Loop

Test System.

13.
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load frame, appropriate transducers, an electronic feedback

controller operating the actuator through an electrically
controlled hydraulic servovalve, and suitable data gathering,
storage, and recording instrumentation. It is a system of

matched components manufactured by MTS Systems Corporation,

Minneapolis, Minnesota. A mounting fixture was used to provide
three-point simply-supported loading to the center of each beam
specimen; the contact radius of each loading support being 3/8
inch (reference: Figure 3.14). The span between supports was 6t
with an overhang of 4t at each end, where t equals as-received
thickness. The specimen was centered in the fixture with the
test surface down, producing tension in the test surface under
investigation. The two outer supports are part of the loading
yoke below the specimen. This yoke is positioned above the
vertically mounted actuator, and is attached to the top of the
ram; the yoke moving upward to load the specimen. Ram position
is measured by An LVDT (Linear Variable Differential
Transformer), with this signal being sent as the feedback signal
to the analog electronic feedback ontroller for the actuator;
the command signal for the controller being generated by a
selectable function generator. Displacement rate was controlled
to be 2,000 inches/minute. Peak displacement was set at a
selected value of 3.00 inches. The center loading support
remained stationary during testing. The upper part of the center
support is attached to the stationary load frame. Both load and
displacement’were set at zero when the specimen just touched the
loading fixture. The calibrated output signals of both the LVDT
and the load cell were captured in a dual channel digital
transient waveform recorder and then played back on an X-Y
recorder to document load versus displacement for each high-rate
MTS beam test specimen.

3.3.3 Environmental Conditioning

To fully realize the contributing effects of
stress, UV, moisture, and temperature, five test specimens from
each of the five transparency designs were restrained to induce
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Figure 3.,14. Test Setup: Simply-Supported MTS Beam.
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an initial outer tensile fiber stress of 1,000 psi prior to being
exposed to the accelerated weathering condition of Paragraph
3.1.3. Figure 3.15 shows the fixtures used to induce outer fiber
stress into the impact beam specimens. Three different size
loading £i£tﬁies were designed to induce stress in the impact
beams. The fixtures fit into the Q.U.V. weathering machine so
that the outer surfaces of the specimens, which were in tension,
faced the UV lamps. A strain gage was mounted at the center of
one unexposed coupon from each specimen type so that the stress
fixtures could be calibrated for each material system. Using
Hooke's law, O=Ec, the strain at 1,000 psi outer fiber stress
was calculated, and the deflection required to obtain that strain
was determined for each specimen type. The specimens were then
mounted in the fixtures, deflected to achieve the required
stress, and then loaded into the Q.U.V. machine.

3.3.4 Test Data

Table 3.4 presents the MTS impact data generated
for both baseline (unexposed) and environmentally conditioned
beams tested at 2,000 inches per minute. Figures 3.16 through
3.20 show typical load versus displacement curves for each of the
transparency designs.

3.3.5 Data Analysis/Correlation

The proposed acceptance criteria for the high rate
impact test specified that after 3 equivalent years of
accelerated weathering plus stress, the change in impact
resistance determined by threshold-of-failure energy shall not
exceed 15% of the unexposed baseline value. Based on the
Table 3.4 data, the F-15 stretched acrylic windshield and the F-
16A laminated canopy satisfied this criteria; the F-1lll1l laminated
windshield did not. As seen on other programs, the F-16A coated
monolithic polycarbonate canopy increased in ductility and energy
absorption after exposure, indicative of coating
removal/debonding from the substrate. Figure 3.21 shows typical
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TABLE 3.4
INPACT BEAM RESULTS
EXPOSED
BASELINE (3 equivalent years of QUV)
Nominal
ID Energy Average IDd Energy Average ] Strain _,
No. ft-lbs (Std.Dev.) PFailure No. ft-lbs (Std.Dev.) Failure Change in/in sec
Q-1 70.6 BF AQ~7 35.3 BF ]
-2 7.6 BP -8 55,7 BF ;
. -3 76.6 7n.9 BF -9 80,8 64.5 BF -10 6.27
4 73.2 (3.32) ar <10 78.8 {19.09) aF f
-5  67.6 BF ;11 724 BF i
Bg-1 2.0 BF  BQ-7 1.2 BF i
-2 1.5 BF -8 1.7 BF ;
-3 3.0 2.1 BF -9 1.3 1.6 BF -24 13.89 ;
-« 1.6 (0.62) P <10 1.3 (0.50) BF :
-5 1.4 BF -1 2.4 BF i
cg-1 200.8 Dr cQ-7 261.3 DF 3
-2 176.6 DF -8* 285.9 DF 3
-3 180.6 180.9 DF -9  238.2 291.8 DF +61 8.19 ?
-4 175.6 (11.61) DF -1 1382.6 (54.96) or .
-5 171.1 DF <11 291.7 DF A
DQ-1 223,7 DF DQ-7  200.0 DF
\ -2 244.1 DF -8 225.8 DF
-3 165.4 202.2 DF -9  220.8 223.2 DF +10 6.80 !
: -4 184.3 (31.51) DF -10 214.2 (20.27) P
g -5 193.3 DF <11 255, P
l Q-1 247.1 D EQ-7 170.0 DF '
-2 250.8 D -8 152.5 DF
-3 242.3 244.4 D -9  148.3 147.5 DF -40 4.53
-4 249.3 . (7.39) bF -10 137.5 (15.55) DF f
. -5 232.6 oF -11 129.2 DF i
E_ DF denotes ductile failure (of tension surface) ;
’ BF denotes brittle failure
D denotes ductile deformation below threshold of failure
* test surface tested in compression l

RIRCE= dr Ll i<t

53 i

P SRS GO IF SR W U OV NG WPV U SR TN WP S v




,. ‘PISTYSPUTM OFTAIOY payoloIls “
,p OSTUITTOUOH §T~-d ‘wRod SIH ‘301d IusweovTdsyq °sA peog TeotdAL °97°¢ aanbia

INANIOVIAS 1
1d ug /Uy SZTIE0°0 A

| N 1 e SO O I O F4- -
PR WU : 441 B JET S B § S PO N S O S 5 T
v ' o
| B »
m - B (B W e L
] B o
m t { -
._ ; : [+
“ - - 9 b et - - i e - ~ - L]
" ™
w . ] = |
m . - - B b o ol Bt A oty L - 4ee o] ] i
! - H " 2 e i
. \1 7 T T B — ? T -
Jis; (o . - 4. P [T Vi SO S WSS JOU O . L —
= ) | I~ ! ;
- H o Y . o
4 § A R RS SRR . ] - . ,
- ey olE ! - !
- T
]
: o T .. L. - .m, L i - m .
: : ! !
w : ; i 1 : ! H :
4 - .m.. m. JLa . H N o “
: i 1 i : ! i } :
H 1 ot ] M H s . L 4
: : . H i ’ H
: : : : i : : ; H
X & -4 : t H I P S _. .......... - |
1 T aE “ e N
o B & o R J RUNTS: R ; b | - 3~ - . H } i i R p !
i ++ —— - ‘ |
. . . H ¢ H
414 £ PR A Y i - : 21 N “
: H ! H 1 1 H ; : ! ! Coe m H B A
: b B n ; i B N ;
T : T w. ’ T : T ) i : : !
H - - ay ‘._ e I TRl tad SRR [ETIPTPIRY SPPR CEP - Py 1 - 3 o m. PR PEP L. M B _ . Il o ,,
i . i ; ; i . ;
> _ i ” 4 H |
I . H
P H B ¥
: ] i : L ; :
! Y T 1 T * + T *Oocm
e : Ao feden U0 T W YO T . N : i
i : i - ' 2. H H
: E i
- .. “p“ .....




E
i

N . . . . .
A L - Y L N
N I Y S N .
. . PO . BN DR N
. . | N 4 . .
. ’ - N D T My g ces .
! ' H o -1 R 1 BN S : .
K 1. . . N4 N N N
s i N N N N NS N N
" Y P NS Sema y
Vi N N ..1. HEETSY NN I .
N [ . N B NI ST IR PN N
. N3 [ ] . . PN RSN Y By .
P u y N rO— N . 1 CEEN s
NN oy P . Ia- L3 RN N
NI Py . NN I PR NN I R :
Vios N TR R L Claafeee LIRS N
: . N Seas N PR N
. . . N Teaa N DO B
n 2 : N Taaa \ REN B
PR " N . xS “ Taan Iy revefa
N i, . N ‘lga N PR
MRN . N . . N “edy N PRy N
N . . RS & . o . RS . P &
. N N .. PRSP It IRREY R . N
- 0 S RN N . IERWS B ¥ IR B . N
N R B Sl 3 IRRET I N .
N . i N
N IS N - N
. M N P N
) L . e N
. ‘e Ll

Suaw

cren

s

. cesafiranf o o
s ERERY R P
ISTES PRODE PIRGDS PN
‘e confoda e
wave ke Caew
TRy B IERRE FE
Ceafe PPN NS
o fe RS B

PERT
ey

v

R O 3 R 3
A ESY IO RO (S OS] SR snpsienpad !
SR I O EOE R TR, O B S RECH EORES B IS B :
L} K
™=
S |
o avot ut/qr 052T
55

0.0656 in.

DI
Typical Load vs. Displacement Plot, MTS Beam, P-15 Monolithic

Stretched Acrylic Canopy.

0.0125 in/in

Figure 3.17.
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Figure 3,21.

Typical

F—111 LAMINATED
ADBIRT WINDSHIELD

F—16A LAMINATED
CANOPY

F=168A COATED
MONOLITHIC POLY-— -
CARBONATE CANOPY

F-18 MONOLITHIC
STRETCHED ACRYLIC
CANOPY

F—15 MONOLITHIC
STRETCHED ACRYLIC
WINDSHIELD

Failed MTS Impact Beam Specimens.
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failed beam specimens, tested after exposure, and Figures 3.22
through 3.24 show specimen failure detail.

3.4 IMBACT-PALLING, WRIGHT

3.4.1 B8pecimen Configuration

In accordance with Paragraph 3.3.1.

3!452 TESt Methbd

In accotrdance with ASTM Test Method F736-81.
figure 3.25 shows the test apparatus. Fidure 3.26 shows the test
detup.

3.4.3 Envitonmental Conditioning

Accelefated weathering plus stress;, 10 requiied
E¥om edchH design in accordance with Paragraph 3.3.3; and
baseline, 10 required from each design.

3.4,4 Test Data

Tabl 2 3.5 presents the falling weight test data
presented for baseline (unexposed) and environmentally
coHdi tioned beams cut from the F-15 monolithic stretched acrylic
canopy, the F-16A coated moniolithic polycarbonate canopy, and the
F-16A lamihated canopy. Sufficient material was not available
for testing the F-15 windshield or the F-111 windshield. Typical
failed specimens are shown in Figure 3.27.

31.4.5 Data Analysis/Correlation

The proposed acceptance criteria for the falling
weight impact test specified that after 3 equivalent years of
accelerated weathering plus stress exposure, the change in impact
resistance as determined by threshold-of-failure energy shall not
exceed 15% of the unexposed baseline value. Based on the
Table 3.5 data, both the F-15 stretched acrylic canopy and the F-
16A laminated canopy satisfied the proposed criteria. The F-16A
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Figure 3.22. Detail of F-15 MTS Impact Beam Failed Specimens.
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Figure 3.23. Detail of F-16A MTS Impact Beam Failed Specimens.
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Figure 3.25. UDRI Falling Weight Impact Test Apparatus.
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Figure 3.26. Test Setup: Falling Weight Impact.
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Figure 3.27. Typical Failed Falling Weight Impact Beam Specimens.
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coated polycarbonate canopy data was consistent with results from
the high rate impact tests; indicating a significant increase in
energy absorption (ductility) after exposure.

For the exposed (artificially weathered) impact specimens,
the failure energies for the falling weight beams were greater
than those for the MTS beams. Results were similar for the
baseline (unweathered) beams, except the coated polycarbonate
failure energies for the MTS beams were higher than those for the
falling weight beams. These differences in failure energies may
be attributed to several factors: the differences in strain rate
and the "threshold-of-failure" definitions. As shown in Table
3.6, strain rates for the falling weight tests were between 5 and
11 times faster than strain rates for the MTS beam tests. The
expected effect of a fater strain rate is to increase the
response stiffness of the test specimen; also, the peak load
which can be sustained by the specimen would be expeted to
increase. These expectations held true for all specimens except
the baseline coated polycarbonate as noted above. The coating on
the polycarbonate is strain-rate sensitive and brittle. At
higher strain rates the coating causes earlier failure of the
polycarbonate, After exposure, however, as the coating is
degraded, this embrittling effect of the coating disappears. The
definitions of "failure" for the two impact beam tests are
different. For MTS beams, the stroke is limited to 2-1/2 inches.
The failure mode of tested beams reflects this stroke limitation.
In contrast, the falling weight beams are tested such that a
well-defined failure is achieved. For brittle materials such as
acrylic, the failure energy is the amount of energy the material
can withstand just before fracture. For ductile materials such
as polycarbonate, threshold-of-failure is defined as the energy
at which visible open cracks start to develop in the material
(reference Figure 3.2.7, F-16A coated monolithic polycarbonate
canopy). These differences make the comparigson between the two
impact tests difficult and valid only when the differences
between the tests are realized.
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TABLE 3.6

COMPARISON OF NTS IMPACT BEAM AND FALLING WEIGHT IMPACT BEAM
STRAIN RATES AND FAILURE ENERGIES

T T e e
mﬂhﬂﬂqﬂpn

%

BASELINE S Dirfference =

Falling (F'""I°B‘)xloos

5 MTS Weight 1.B.

'y

o F-16 Stretched Strain Rate* 13.9 90.7 +553%

ha Acrylic Canopy p,ijyure Energy** 2.1 4.14 + 978
F-16A Poly- Strain Rate 8.2 82.3 +904%
carbonate
Canopy Failure Energy 180.9 171 5.4%
F-16A Laminated Strain Rate 6.8 79.2 +1065%
Canopy Failure Energy 202.2 229 +13.3%

- EXPOSED
F~15 Stretched Strain Rate 13.9 93.8 +575%
Acrylic Canopy p,iiyre Energy 1.6  4.56 +185%
F-16A Poly- Strain Rate 8.2 90.7 +1006%
carbonate
Canopy Failure Energy 291.8 330 +13.7%
F~16A Laminated Strain Rate 6.8 81.0 +1091%
Canopy
Failure Energy 223.2 238 +6.6%

*Strain rate in in/in sec-l

**Failure energy in ft-1bs
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3.5 COATING ADHESION
(F-16A Coated Monolithic Polycarbonate Canopy Only)

3.5.1 Specimen Configuration

Five sets of 2 each per the following geometry:

i T
]
|
|
|
|
!
|
!
1

- 15/16" -=

30°x//‘

4 1/8"
t

3.5,.2 Test Method

Rain impingement tests at 500 mph on test specimens
inclined at 30 degrees to the direction of motion were conducted
on the rotating arm apparatus at Wright-Patterson Air Force Base
(Reference Figure 3.28). This rotating arm apparatus consists
of an 8-foot diameter double arm blade. It is designed to
produce high tip velocities with negative lift and low drag
coefficient. Five sets of mated test specimens were mounted
at the leading edge tip sections of the double rotating arm.

The double arm is mounted horizontally on a vertical drive
shaft. Simulated rainfall is produced by four curved mani-
fold quadrants. Each manifold quadrant has 24 equally

spaced capillaries. Raindrop size and drop rate are controlled
by the capillary orifice diameter and the head pressure of

the water supply. The manifold quadrants are mounted above

the tips of the double rotating arm. Raindrops from the
simulation apparatus impact the test specimens throughout their
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Figure 3.28. Mach 1.2 Rain Erosion Test Apparatus.
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entire annular path. Rain droplets are 3.0 mm in diameter and
generated at the rate of 1 inch/hour of simulated rainfall.

At test intervals of 1 and 2 minutes, all specimens
were examined visually to determine the percentage of coating
removal. After 5 minutes of testing, all specimens were
subjected to optical examination and scanning electron microscope
to determine the percentage of coating removal.

3.5.3 Environmental Conditioning

Accelerated weathering plus stress in accordance
with Paragraph 3.3.3. A special fixture was fabricated to
accommodate the small specimens.

3.5.4 Test Data

Table 3.7 presents the coating adhesion data
generated by the rain erosion test apparatus; the percentage of
coating removal being noted.

3.5.5 Data Analysis/Correlation

After five minutes of testing, all specimens failed
to satisfy the proposed acceptance criteria that tested specimens
experience no substantial amount of coating removal; resultant
data being consistent with corresponding Reference 3 test
results.

3.6 INTERLAMINAR BOND INTEGRITY (DELAMINATION)
(F-16A Laminated Canopy and F-11l1 Laminated ADBIRT
Windshield Only)

3.6.1 Flatwise Tension

3.6.1.1 Specimen Configuration

Using ASTM F521-77 as a guidelines, the
2-inch square standard specimen was inodified to l-inch square to
minimize the effects of transparency curvature. The specimen
test area was undercut, as shown in Figure 3.29, to ensure
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TABLE 3

.7

- COATING ADHESION (RAIN EROSION) TEST DATA

Speed: 500 mph
Rainfall: 1 in/hr

Exposure: 3 equiv. yrs. of accelerated weathering

plus stress

Coating Removal, Percent
Specimen Test Time, Minutes
Number 1 2 5
cs-1 5 30 64
cs-2 1 5 33
Ccs-3 5 25 85
cs-5 3 20 91
CS-6 2 10 69
cs-7 10 30 84
Cs-8 2 25 68
cs-9 2 20 76
Cs-10 1 10 30
Cs-11 1 10 70
74
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Figure 3.29.

Outside
Surface
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.75 Test Area

Acrylic
Polycarbonate
Silicone
Urethane

Gy
[ I |

Modified Flatwise Tension Specimen.
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failure in the test interlayer and to eliminate specimen-to-
fixture bondline failure.

3.6.1.2 Test Method

Using ASTM F521-77 as a guideline,
specinens were bonded to one-inch square loading blocks using a
room temperature curing adhesive. An alignment fixture was used '
to cdenter the specimen and align the loading blocks to ensure a
true tensile load. Tests were conducted at a loading rate of 100
lb/dec in an MTS electrohydraulic closed loop test machine

(reference Figure 3.30). Load versus displacement data was
recorded.

3.6.1.3 Environmental Conditioning

Accelerated weathering in accordance with
Paragraph 3.1.3.

3.6.1.4 Test Data

Table 3.8 presents the flatwise tension
data generated for both laminated transparency designs; typical
load versus displacement curves being shown as Figures 3.31 and
3.32. Displacement measurements, measured internal to the
machine, represent the sum of the displacements in the fixture
and specimen (including all interlayers), and cannot be used for
calculating the elastic modulus. Because of the posgsibility of
i the displacement measurements being misinterpreted, they have not
beert tabulated. Force measurements, also measured internal to

the inachine, were subject only to instrumentation-type errors
which were considered to be negligible.

3.6.1.5 Data Analysis/Correlation

Failures occurred in the silicone

| interlayer for both the F-16 and F-111 laminated transparencies;
i an adhesive failure at an average ultimate tensile stress of 392
% psi for the F-16 and a cohesive failure at an average ultimate
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Figure 3.30. Test Set-up: Flatwise Tension.

77

ML

A s ne

S vl RIS A
2 R
| TP VIEASN T




GO o T T B L S N AR R e b RS R e s salas®s o bR AETEER NN

g _ TABLE 3.8
i FLATWISE TENSION
& : Ultimate Average Ultimate
& Specimen. ‘Failure Tensile Tensile Stress, psi
) ID Type Location Stress (psi) (Standard Deviation)
% DT-1* - A A,P 355
% DT-2 - a P no data
DT-3 A a . 437 '
3 DT-4 A A,P 396 (38.14)
! DT-5 A A,P 419
DT~-6 . A A 351
ET-1* c 398
ET-2 c 278
ET-3 c 265 (32?2)
ET-4 c 396
ET-5 c 215
ET-6 c 290

Failure Type

A denotes adhesive failure
C denotes cohesive failure

Location

A - adhesive failure at acrylic interface
P - adhesive failure at polycarbonate interface

*Note: All specimen failures at silicone interlayer.

78

PRI DU APQE I AT PP S EPUR S-SR SISV UL SSRGS LEE SRS R B -




*Adoue) pajeutwe] ¥91-4
‘UOTSUd]L ISTMeTd ‘3IOTd JuswadeTdsyd °sA peo] TedrdAl °*Te°E @anbrg

INAWADVY'IASIA ut/uT 90Q°

i - e
1.4 4 = - R I N
3 ! i
— . T 0
: llﬁni.ﬁ - . N . 0
. o
- - it o -
B e O T =
: : X i g
T NN SREARE RN RS B
. 1 M e
: B ! :
- : H 1
| Ao i NEF I
i+ |- -
; i JE S S .
I ; 3
Sl SR ..A.A - i 4
= ;

'¥-1a "ON QI uewtoods -

| RS W T T L A 1




it

T R IAERER

-

‘PTOTYSPUTM INIAQAV Pajeuture]
TIT-4 ‘uoTsu’d] asTMajleld ‘301d JIuswaoe(dstg °sA peo] Teotdi]

REAMUMINE)  ROSSECERGEENNS  JCErelu gt PUEEPIERTDENG AR | A0

*TE°E 9anbTa

ur/utr €€10°

m I : LT H g
T . w PR ...”.
fore c -
| 9 - _i ; o
_ i N
H H H | ol
) g S T O O R S
-4 i | - ;-
_ - + R
r } 3 NN | BN m
1 ] i A [ 1
” . ; i "ol B I ]
‘;M=ﬂ5;‘ g : y 48 AN N AP =
: ! i _ : : : | - -]
sty .ﬁ._,.. , {1 I A ; e
1 m ! : :
i B o e L ] - : ; a1
; - “ . ' .
N e e e i a bW |- - |- i
| BN i il ne
AESERENE! 1 2 “
T T 7 ‘ w 11
: : , RE Sk g
- I m P I w. : B _ w _ P ooy N - I_M : . “ m H
BN 1 T T J ERRAEEREE
9-1L3d °ON dI uawyoadsg N ‘ : : :
- , i ; § I P g
k3 . i o O T . Poage | oaefe RSNSOI . .
22 L‘vl\ ;m.iﬁ‘lit—xi.w [ N B S m ) H : “ i 3 b2 L . —




~ AR r - N Fo R =Rt et S S St Sl E T N PRSI T S | EENY
I I NP T 1 s R TS oL TR M T T ARt o .

&3

tensile atress of 307 psi for the F-1lll. Compared to previous
&@iﬁ'tcluiti‘tran the Reference 3 program conducted on flat sheet
material, these values appear low; previous data showing 570 psi
ultimate for the F-16. However, the Reference 3 program used a
loading rate of 10,000 lbs/sec compared to 100 lbs/sec used for
this testing program. The silicone is strain-rate sensitive, and
at a higher strain rate can withstand a higher peak load. Both
of these transparencies are manufactured by Sierracin; it is not
obvious why the interlayer failures were differrent--adhesive at
a'highp: strength for the F-16 laminated transparency and
cohesive at a lower strength for the F-111 laminated

% transparency. Typical failed specimens are shown in Figure i
3.33.

Y Tt e

3.6.2 Torsional Shear

3.6.2.1 Specimen Configuration i

Using ASTM D229-76 as a guideline,
specimens were machined to the configuration as shown in Figure :
3.34, having an annular test area of 0.245 sq. in. !

3.6.2.2 Test Method k

Torsional shear tests were conducted at
an angular displacement rate of 10 degrees/minute, resulting in
an equivalent average linear shear displacement rate (equivalent
average linear shear displacement rate = average angular
displacement rate x {7/360) x (ri+ro)/2) of 0.055 in/min.

Specimens were tested by holding one surface ply stationary with
an aluminum fixturing socket attached to the closed loop MTS
system load cell and applying a torque to the other ply through a
fixturing socket attached to the actuator (reference Figure
3.35).
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Figure 3.33. Typical Failed Flatwise Tension Specimens.
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Figure 3.34. Modified Torsion Shear Specimen.
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Figure 3.35. Torsional Shear Specimen Mounted in Test Machine. .
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3.6.2,3 Environmental Conditioning

Accelerated weathering in &ccordance with

Peragraph 3.1.3.
3.6.2.4 Test Data

;o , Table 3.9 presents the torsional shear

3 data generated for both laminated transparency designs; typical

!_, load versus displacement curves being shown as Figures 3.36 and

g 3.37. The angular displacement was measured internal to the

; machine and represents the sum of the angular displacements in the

i fixture and specimen. Due to the relative stiffness of the
fixture and the magnitude of the displacement, the measured

, angular displacement was representative of the actual interlayer

' displacement of laminated F-16A canopy and the sum of the

interlayer displacements of the two tested interlayers in the F-

111 ADBIRT transparericy. Torque was measured with a load cell

i between the stationary fixturing socket and the machine frame,
¥ and wzs subject only to instrumentation-typz errors which were
i considered negligible.

A

¥ 3.6.2.5 Data Analysis/Correlation

ﬂ Failures occurred in the silicone

interlayers for both the F-16 and F-1ll1 ilaminated transparencies;

at an average ultimate shear stress of 230 psi for the F-16 and

184 psi for the F-1l1l1. Compared to previous results from the

j Reference 3 program, conducted on flat sheet material, these

i values appear low; previous data showing 349 psi ultimate for the

3 F-16. However, the Reference 3 torsional shear tests were run at
an angular displacement rate of 500 °%sec, while for this test
program torsional shear tests were run at 10 °/min. As noted

. before, the silicone is strain-rate sensitive and higher peak
stress values would be expected at higher strain rates. Typical
specimen failures are shown in Figure 3.38.
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TABLE 3.9
TORSIONAL SHEAR DATA

Average Ultimate

Displacement Shear Stress Shear Stress, psi

Angular Ultimate
Specimen Failure
ID Type Location (dégrees) (psi)
DU-=1 C,A A 15.0 244.5
DU-2 Cc 13.9 225.7
DU=3 c 14.6 244 .5
DU-4 C,A A 14.4 236.9
DU-5 C,A A 14.6 184.3
DU=¢& c,Aa A 16.5 252.0
DU-7 C.,A A ' 15.5 221.9
EU-~1 C 36.3 206.9
EU-2 C 32.3 184.3
EU-3 Cc 34.5 225.7
EU-4 c 30.0 135.4
EU-5 c 40.8 225.7
EU-6 Cc 31.3 127.9

Failure Type

A denotes adhesive failure
& denotes cohesive failure

Location

A - adhesive failure at acrylic interface

NOTE: All failures in siliccne interlayer.
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(Stundard Deviation)

230.0
\22.82)

184.3
(43.61)
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PF-=16A LAMINATED - {
CANOPY ADBIRT WINDSHIELD ;

TORSIONAL SHEAR

Figure 3.38. Typical Failed Torsional Shear Specimens.
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3.6.3 Nedge Peel

3.6.3.1 Specimen Contiguration

S - Using ASTN D3762-79 as a guideline,

g specimcns and wedges were machined to the configuration shown in
o Tigure 3.39. A siot, centered on the interlayers to be tested,

' was machined 1-3/16 inches into the end of each specimen. The
specimens and aluminun wedges were sized to expand the stress
nradient for various points of delamination so as to maximize the
; differences in the delamination lengths of the verious

i materials.

3.6.3.2 Test Method

Wedge peel tests were conducted by
inserting the wedge into the specimen slot, thereby causing
delamination of the specimen along the interlaver. The wedges
were inserted flush with the edge of each specimen. A fixture
held the wedges in position for the duration of the test. The
delamination length was measured at time intervals of 0.1, 1, 2,

4, 7, 12, 24, 48, 72, and 100 hours after inserticn of the
vedge.

3.6.3.3 Environmental Conditioning

Accelerated weathering in accordance with
Paragraph 3.1.3.

3.6.3.4 Test Data

Table 3.10 presents the wedge peel test

3 results generated for both laminated transparency designs. Plots
i of delamination length versus time are shown as Figures 3.40 and
3 3.41.

3.6.3.5 Data Analysis/Correlation

Test ruesults from the wedge peel tests
are inconsistent. The acrylic facing snapped off at the end of
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Figure 3.39. Modified Wedge Peel Specimen and Wedge
Configuration.
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TABLE 3.10
WEDGE PREL RESULTS

TINE SPECINEN

HOURS _ID NO. DV-1 DV-2* DV-3* DV-4 DV-5*
0 0 0
0.1 0 0.12

0.52 - 0.61

2 0.73 0.79
1.08 1.10

7 1.14 1.20
12 1.28 1.32
2¢ 1.36 14
48 1.45 1.50
72 1.48 1.57
100 1.52 1.63

*Acrylic broke immediately after insertion
of the wedge

Note: Delamination length in inches

EV-1 EV-2* EV-3 EV-4
0 0 0
0.05 0 0
0.07 0.4 0
0.08 0.61 0
0.09 0.9 0
0.42 1.02 0
0.86 1.10 0.02
1.02 1.22 0.16
1.10 1.26 0.25
1.27 1.29 0.29
1.21 1.33 0.36

0
0.05
0.17
0.20
0.23
0.29
0.3
0.3¢
0.42
0.47
0.5

AT | e
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the slct on three F-16 specimens and one F-111 specimen, 211 of
which had been exposed, immediately upon insertion of the wedge.
Two F-1l1l specimens experienced swmall, less than 0.6-inch,
delamination along the silicone interlayer after 100 hours, while
the zemaining P-111 and F-16 specimens delaminated over l-inch
along the siliconre interlayer after 100 hours. Delaminated wedge
peel specimens are shown in Pigures 3.42 and 3.43.

3.7 THERMAL SHOCK

3.7.1 Specimer Configuration

ASTN F520-77, Type B (2 X 2-inches as-received
thickness) .

l.72.2 Teat Method

ASTM F520-77, Paragraph 7.5.3 and 7.6, and modified
to include drying in partial vacuum during cold exposure. One
coupon from each transparency design was acreened to determine
what pressure condition would be incorporated into the colad
exposure cycle. Surface temperature versus time was recorded for
atmospheric pressure ard partial vacuum pressures of 3, S, and 7
psig. There was no significant differance in the rool-down time
for the three vacuum presaures. Thermal shock testing was then
completed on 49 specimens from the five different transparencies.
The test involved two cycles; each cycle consisted of a -65°F
cold soak for 20 minutes in a cold box, immediately followed by a
20-minute socak in a 160°F oven. Twenty-four of the specimens
were placed in vacuum bags maintained at a 5 psig partial vacuum
during the ccld soak. The other 25 specimens were also placed in
vacuum bags for handling convenience during the testing, but were
tested at atmospheric pressure.

3.7.3 Environmental Conditioning

Accelerated weathering in accordance with Paragraph
3.1.3.
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3.7.4 Test Data

4 " Table 3.11 presents the cthermal shock test results
for apegimens taken from the five transparency designs.

3.7.5

.8/Correlation

Several of the ©-15 monolithic stretched 2crylic
specimens showed surface fracturing at the corners of tne
specimens, This may have been caused by minor residual machining
at:diaog at the corners of the specimens that were not removed by
deburring, or the fracturing may have been caused by the residual
stress inherent to stretched acrylic. Neither of the ¢ 3t
acrylic surface plies on the laminated specimens exhihited this
behavior. These fractures probably would not accur in service
because the fracturing was limited to specimen corners; in-
service transparcncies would not have this type of discontinuity.
The sharp edges and corners could be rounded for future teating
to avoid this problem and provide more characteristic test
results. The coating on most of the F-16A coated monolithic
polycarbonate specimens peeled in the vicinity of the engraved
specimen numbers. This type of behavior would be expected around
any surface flaw where coating delamination could be initiated.
The F-16A laminated polycarbonate canopy specimens, which were
tested in the vacuum, delaminated opposite the engraved surface;
those specimens which were not in the vacuum showed no damage.
Overall, the addition of a partial vacuum only affected this
material type significantly; no discernable difference was
evident for any of the other transparency designs. There was no
significant visible damage to either of the laminated designs.
Typical test coupons are shown in Figure 3.44 with several
closeups shown in Figures 3.45 and 3.46,
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Specimen
Identification

—Nupber

AW-1
-2
-3
-4
-5
-6
-7
-8
-10
-11

BW-1

-10
-11

CW-1
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TABLE 3.11
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THERMAL SHOCK TEST RESULTS

Pressure

(psig)

© O © O

-5

-5
~5
-5

No visible

Fracturing

i

No visible
Fracturing
No visible

Fracturing

1
No visible

1
Fracturing

No visible

Resul ts

damage
at corners
damage

at edge
damage

at corners

damage

at corners on bottom side
damage

Coating degradation

No further

degradation after

environmental conditioning
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Specimen
taentification

<3
<4

KTl vl s BoinT i
_— .
- @D

DW-1

-11

EW-1

TABLE 3.1l (concluded)

Pressure

0 Coating degradation

0

0

-5 .

=5

-5 '

-5 No further degradation after
environmental conditioning

-5 Coating degradation

0 No visible damage

- Not tested

No visible damage

0
0 ‘
0

-5 Minor coating degradation with some
pitting on polycarbonate

No visible damage

100C
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3.8 ABPASION RESISTANCE

©3.8.1  In-Plight
L S 3.8.1.1 Specimen Configuration

Three-inch squate x as-received
thickness.

3.8.1.2 Test Method

Measure haze before and after specified
cycles of Q.U.V, exposure plus salt blast abrasion. Salt blast
abrasion was conducted in accordance with the proposed ASTM Test
Method, “Abrasion Resistance of Transparent Plastics and Coatings
Using the Salt Impingement Method." Figure 3.47 shows the UDRI
Salt Impingement Abrasion apparatus. '

3.8.1.3 Environmental Conditioning

Accslerated weathering plus salt blast
abrasion was conducted as follows: 168 hours of accelerated
weithering in accordance with Paragraph 3.1.3 followed by a
specified number of salt blast cycles x 1 = 1 equivalent year
of in-flight exposure; x 2 = 2 equivalent years; x 3 = 3
equivalent years. Four different salt blast cycles were screened
to determine the relative severity of the different cycles, and
to determine a realistic number for simulation of actual
conditions. The cycles were: 2 cycles after each year of
equivalent weathering; 4 per year; 8 per year; and the proposed
ASTM Standard Test Method of 2, 4, 8, 16, 25, 50, and 100
cumulative cycles per year with readingp taken after each test.

3.8.1.4 Test Data

Table 3.12 presents the in-flight
abrasion resistance test results based on accelerated weathering
plus 2, 4, and 8 ualt blasts per year of gsimulated service life.
Test data generated per the proposed ASTM Test Method is
presented as Appendix B.
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Figure 3.47. UDRI Salt Impingement Abrasion
Apparatus.
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- TABLE 3.12
IN-FLIGHY ABRASION RESULTS
F Pexcent Pexcent
wo. of No. of Hase Transnmittance
a Specimen Years falt Alasts Standard Standard
i ID No. Rxpasure (total) Deviation MNean Deviation Mean
: AX-6 1 0 0,123 1.88  0.100 91.75
2 0.177  2.43  0.296  91.63 :
| 2 0 0.131 2,20 0.082  91.60
; 2 0.116 2.42 0.082 91.50
:
i 3 0 0.172 2.64 0.129 91.85
d 2 0.187 2.81  0.141  91.60
: Ax-7 1 0 0.037  1.7¢  0.126  91.78
) ] 0.539 2.86  0.096  91.53
! 2 0 0.395 2.31  0.050  91.58
§ 4 0.573 2,96 0.126 91.48
i‘i
: 3 0 0.536 2.88 0.096  91.83
4 0.504 3,51  0.082  9.40
Ax-8 1 0 0.252  2.69  0.100  91.45
8 0.738  4.82  0.096  91.23
2 0 0.633  3.81  0.126  91.48
8 0.793  4.89  0.082  91.10
3 0 0.152  3.37  0.058  91.65
8 0.579  4.62  0.082  91.30
BX-7 1 3 0.210 1.66 0.082  92.90
2 0.53] 2.49  0.082  92.90
2 0 0.517 2.38  0.050  92.753
2 0.593 2.88  0.050 92.73 }
3 0 0.370  3.30  0.058  92.95 ;
2 0.200 3.48 0.058 92.85 i
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TABLE 3.12 (continued)

Percent

No. of No. of Hase
Specimen Yeara Salt Blasts Standard
ID No. Exposure (total) Deviation MNean

BXx-8 1

0 1.132 2.15
4 1.352 3.66
2 0 1.286 .21
4 1.181 3.64
3 0 1.089 3.41
4 1.080 3.99
BX-9 1 0 0.267 1.64
8 0.192 3.28
2 0 0.266 2.88
8 0.293 4.01
3 0 0.395 3.04
8 0.467 4.62
CX-6 1 0 0.503 3.90
2 0.314 4.34
2 0 0.956 6.29
2 0.824 7.02
3 0 1.652 17.58
2 1.630 17.85
CX-7 1 0 0.715 3.00
4 0.525 3.48
2 0 1.859 5.93
4 1.488 6.72
3 0 2.278 15.85
4 2.086 16.90
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Percent
Transmittance
tandard

Deviation Mean
0.058 92.8%
0.0%58 92.63
0.05%50 92.68
0.058 92.63
0.050 92.83
0.082 92.70
0.050 92.88
0.050 92.78
0.082 92.70
0.050 92.68
0.000 92.90
0.058 92.75
0.222 87.88
0.058 87.85
0.126 87.53
0.096 87.13
1.025 82.75
1.139 8l1.95
0.163 88.00
0.058 87.85
0.09¢G 87.38
0.096 87.08
1.080 83.60
1.159 82.95

PSS S




&
)
245
Specinen
Cx-8
b :i
9N DX~6
O
el
e
.
DX-7
DX~-8

No. of
Years

Bxposure
|

TABLE 3.12 (continued)

No. of
Salt Blasts
(total)
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Percent
Haze
Standard
Deviation Nean
1.050 3.15
c.673 4.02
0.981 4.48
1.212 5.74
2.560 16.90
1.603 20.33
0.145 3.10
0..86 3.62
0.152 3.17
0.062 3.48
0.245 3.13
0.246 3.34
0.414 3.36
0.637 4.04
0.216 3.46
0.189 3.78
0.472 3.73
0.097 4.78
0.071 3.09
0.117 4.18
0.142 3.67
0.217 4.32
0.258 3.78
0.179 4.55

VETUEPETINNVE W TR BTEASTIEINT 0 L L T e

Percent
Transmittance
Standard
Deviation Mean
0.150 87.89%
0.058 87.7%
0.126 87.43
0.183 87.10
0.661 83.35
0.678 82.40
0.129 86.95
0.096 86.83
0.141 87.00
0.126 86.98
0.096 87.18
0.058 87.05
0.141 86.80
0.126 806.63
0.03%6 86.68
0.129 86.65
0.263 87.43
0.171 86.93
0.096 86.68
0.096 86.58
0.126 86.68
0.082 86.60
0.096 86.93
0.058 86.85
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TABLE 3.12 (concluded)

Pexcent Percent
No. of No. of Raze Transmittance
Specimen Years Salt Blasts Standard Standard

ID No. Exposure (total) Deviation Mean Deviation MNean
BX-6 1 0 0.238 3.56 0.096 84.93
2 0.201 4.64 0.082 84.90
2 0 0.239 3.89 0.0%0 84.68

2 0.218 4.08 0.100 84.635
3 0 0.282 3.97 0.082 84.70
2 0.11¢ 4.23 0.050 84.68

BX~-7 1 0 0.111 3.41 0.191 85.05
4 0.158 3.88 0.129 84.95

2 0 0.308 3.50 0.058 84.85

4 0.227 J.84 0.100 84.75

3 0 0.208 3.9 0.126 84.78

4 0.221 4.26 0.096 84.73

EX-8 1 0 0.113 3.58 0.096 84.98
8 0.148 4.82 0.096 84.78

2 0 0.161 4.07 0.082 84.70
8 0.242 4.41 0.050 84.58
3 0 0.111 3.61 0.050 84.68
8 0.135 4.56 0.050 84.58
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1,8.1.5 Data Analysis/Correlation

The proposed acceptance critexia
specifies that the percent haze shall not exceed 4%, 5%, and 6%
after 1, 2, and 3 equivalent years of exposure (weathering plus
abrasion) , respectively. Only the F-16A coated monolithic
polycarbonate specimens failed to satisfy the proposed
acceptance criteria.

3.8.2 PFlightline
3.8.2.1 Specimen Configuration

Four-inch square x as-received
thickness.

3.8.2.2 Test Method

At 33-hour intervals, during the
accelerated weathering exposure, the test samples were subjected
to 50 normal cleaning operations using a solution of 1 part water
to 1 part isopropyl alcohol with Kaydry disposable towels.

3.8.2.3 Environmental Conditioning

Accelerated weathering in accordance with
Paragraph 3.1.3 plus cleaning at specified intervals,

3.8.2.4 Test Data

Table 3.13 presents the results for
flightline abrasion resistance tests conducted on specimens taken
from all five transparency designs.

3.8.2.5 Data Analysis/Correlation

After 1, 2, and 3 equivalent years of
accelerated weathering plus normal cleaning operations, all
coupons met the proposed acceptance criteria; namely, there .
was no visible damage to the specimens and the resultant haze did
not exceed 4%. Figure 3.48 shows typical specimens after test.
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TABLE 3.13
ABRASION RESISTANCE FLIGHTLINE RESULTS

Specimen Bquivalent Trans-

1D Exposure mittance Standard Haze Standard
Number (years) (%) Average Deviation (%) Average Deviation
Ay-1 0 90.9 2.52
-2 90.9 2.47
-3 91.2 91.0 0.277 2.38 2.49 0.220
-4 90.7 2.84
-5 91.4 2.25
2 AY-1 1 91.2 2.31
§ -2 91.2 2.16
Q -3 91.1 91,1 0.164 0.21 1.61 1.356
E -4 91.1 0.16
X -5 90.8 3.19
:
S Ay-1 2 91.0 2.62
F -2 90.8 2.45
B -3 91.1 91.0 0.270 1.52 2.53 0.739
3 -4 91.3 2.46
-5 90.6 3.60
Av-1 3 90.9 2.83
, -2 90.8 2.57
%i -3 91.3 91.0 0.259  1.68  2.44 0.748
- -4 91.3 1.70
3 -5 90.8 3.41
ﬁ‘ BY-1 0 92.2 2.63
] -2 92.1 2,71
-3 91.9 92.1 0.137 3.75 2.90 0.507
-4 92,2 3.22
-5 92.3 2.77
-6 92.1 2.32
111
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=1
«2
«3
-4
<5
-6

8Y-1
-2
<3
-4
-5
-6

CyY-1
-2
-3
-4
-5

Bxposure
(ywars)

TABLE 3.13 (continued)

Trans-
mi ttance
(%)

91.9
90.7
91.6
91.6
91.8
92.0

91.8
91.8
91.8
91.8
91.5
91.8

92.5
92.4
92.5
92.4
91.4
92.3

88.5
87.8
88.0
87.7
88.1

87.5
87.2
87.0
87.7
87.4

Average Deviation

91.6

91.8

92.3

88.0

87.36

112

Standard

0.469

0.122

0.423

0.311

0.270

Haze
(%)

1,43
1.75
2.48
1.98
1.80
1.98

1.51
1.97
1.99
1.31
2.10
1.34

1.82
1.12
2.23
1.75
2.36
1.75

2.42
1.88
2.60
2.23
2.50

1.59
2.33
1.89
3.12
2.20

Standard

Average - Deviation

1.90

1.70

1.84

2,33

2,23

0.347

0.356

0.438

0.284

0.332




TABLE 3.13 (continued)

Specimen Bquivalent Trans-

1 D Exposure  mittance Standard  Haze Standard
; ; Number (years) (%) Average Deviation. (%) Average Deviation
N

i cY-1 2 87.1 2.16

!;,. -2 87.1 2.54

: -3 87.0 87.0 0.173 1.98 2.64 0.822
il -4 86.7 4.05

¢ -5 87.1 2.45

A CY-1 3 86.9 2,25

: -2 86.8 2.64

‘ -3 86.6 86.2 1.324 2.28 3.61 2.61

l -4 83.8 3.27
i -5 86.7 2.59
i DY-1 0 87.2 3.21
! -2 87.2 2.65
: -3 87.2 87.2 0.071 2.74 2.88 0.322
-4 87.1 3.25
-5 87.3 2,57
DY-1 1 86.9 2,91
-2 87.2 2,97
-3 87.1 87.0 0.114 3.08 2.94 0.089
-4 87.0 2,85
g -5 87.0 2.89
:
¥ DY-1 2 86.7 3.15
h -2 87.0 3.07
N -3 87.1 86.9 0.158 3.25 3,14 0.097 |
-4 86.8 3.01 |
-5 86.9 3.20
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Trans-
mit‘;ance

(%)
86.5
86.9
86.%S
86.6
86.7

88.2
86.2
86.6
87.0
86.9

87.9
86.0
86.4
- 86.7
86.6

EY-1 2 87.5

Eé -2 86.0
- -3 86.2
-4 86.5
-5 86.4

EY-1 3 87.0
-2 85.7
-3 86.0
-4 86.3
-5 86.0

Average Deviation

86.7

87.0

86.7

86.5

86.2
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TABLE 3.13 (concluded)

Standard

0.179

0.750

0.712

0.581

0.495

Haze
(%)

3.31
3.32
3.45
3.26
3.52

2.1
2.83
2,91
2.86
2.85

3.13
3.28
3.36
3.28
3.25

3.61
3.38
3.45
3.38
3.42

3.72
3.56
3.68
3.52
3.60

Standard

Average Deviation

3.37

2,83

3.45

3.62

0.108

0.074

0.083

0.095

0.083
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3.9 EDGE ATTACHMENT

3.9.1 Specimen Configuration

Three-inch wide by approximately 15-inch long by
as-received thickness flexure beams were cut from the
transparencies saval to pick up the actual edge attachment holes
in an arez that minimized curvature along the beam length. -
Because of material limitations, specimens were cut from
different edges as shown in Figures 2.2 through 2.16.
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3.9.2 Test Method

The edge attachment beams were tested with the

] fastener end mounted in a fixture which simulated the edge fixity
3 and attachments of the actual transparency design; the other end
of the beam being simply supported. Beams were loaded at a
displacement rate of 2,000 in/min using the high performance
electrohydraulic closed loop MTS test machine, with the loading
nose at the third point of the span (measured from the fixed
end). This location was chosen to increase the shear at the
fixed end (reference Figure 3.49 for test setup). The span of
the beam and load location influences the magnitude of the
combined tension, shear, and bending moment at the edge
attachment and, therefore, can affect the failure load and/or
failure mode. Three unexposed baseline beams from each of the
transparencies, 9, 12, and 15 inches in length, were tested to
assess possible sensitivities of beam span to the test

results.

LA

For all tests, load versus displacement dat: was
stored in the digital memory of a transient recorder and played
back at reduced speed on an X-Y recorder. Failure information
for the baseline screening tests is presented in Table 3.14.
Edge attachment failure modes were comparable for the different
span lengths. A span length of 9 inches was chosen to minimize
the effects of the severe curvature of the beams along with
limitations on material availability. The shorter beams
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Figure 3.49.

0 ¥ [ ]
o M |_ |_ o
LOAD CC
OVERHANG -
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SUPPORT . FIXED
EDGE ATTACHMENT SUPPORT
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LOAD WASHE POINT
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Edge Attachment Test Set-up.
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developed the highest peak loads, but bacause of the short spans
and consequent high stiffness, the proposed loading rate of 2,000
in/min was not achieved for all of the specimens. An aluminum
fixture was designed and fabricated to induce stress in the edge
attachments of the beama during environmental conditioning to
simulate service conditions. Due to material limitations, only 9
specimens from the F-15 canopy, 6 specimens from the coated
polycarbonate F-16A canopy, and 8 specimens from the laminated F-
16A canopy were available. These specimens were machined to 9
inches long, with specimen width chosen such that two fasteners
would be located symmetrically on each specimen end. Two or
three coupons from each design were then environmentally
conditioned with stress for 1, 2, and 3 egquivalent years and
tested in the same manner as the baseline beams.

3.9.3 Environmental Conditioning

Three baseline beams were unexposed. In addition,

three beams were exposed to 1 equivalent year of accelerated
weathering under stress in accordance with Paragraph 3.3.3;

similarly, three beams were exposed for 2 equivalent years, and
three beams exposed for 3 equivalent years.

3.9.4 Test Data

Table 3.15 presents the results of edge attachment
tests for the exposed specimens. Table 3.16 presents the
comparison between baseline and environmentally conditioned edge
attachment beams.

3.9.5 Data Analysis/Correlation

The edge attachment beams behaved in a manner
similar to standard impact beams. Except for the laminated F-16A
canopy., degradation did not appear to be significantly different
than that experienced with MTS beams, nor did the edge
attachments negatively influence the failure strength. The F-16A
laminated canopy specimens did show a significant decrease in
strength after environmental conditioning; however, this decrease
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TABLE 3.15
ENVINONMENTALLY CONDITIONED EDGE ATTACHMENT RESULTS!

Sguivalent Pesk Average

g«,—a Baposure losd  Bnergy  Rnergy  Pailure’
. (years) (pounds) (ft-1be) (fr-1de) Wode Notes
- =1} 1090 10.7 BP3  Cracks in the acrylic between
- 4 fiberglass sandwich at the
12 1.12 1000 9.8 15,1 ar fined end prior to test
1) 1670 24,9 BF  Wo cracke before tust
"n-4 b Y, 17.¢ g o cracks bafore test
=15 ] 220 7.2 12.1 ap Ro cracks bafors teat
=16 1100 11.6 ar Mo cracks bafore test
0-17 1400 17.1 or No cracks before teat
=19 b } 900 11.2 13.1 ar %o cracks bafors tect
=19 1300 10.9 ar Wo cracks hefors test
CB-1 3873 458.% ol 4 Threads of both bolts sheared
-2 LB (TPTRRE TOW I DF  Threads of both bolts sheared
CR=3 37 809.9 b Bolt threads sheared; insert
2 6.7 pulled partially through
-4 (1 1] 733.3 or Threads of both bolts sheared
[~ 211 6811 8ll.4 or Threads of both bolts zheared
-6 3 s96s 2.8 e D Bolts failed
Dg~1 3830 303.5 or Both inserts pulled partially
through
-2 1.1 43.02 380.9 3.2 or Both inserts pulled partially
through
-3 4508 315.3 Dr Both ingerts pulled partially
through
DE-4 3840 384.7 > Both inserts pulled partially
2 N33 through
-8 4091 g or Both inserts pulled partially
through
D=6 3600 345.3 ) ») 4 Both inserts pulled partially
through
-7 3 4046 253%.9 244.) or Bolt threads sheared; insert
pulled partially through
-8 3213 131.7 BF Embrittled; both inserts pulled
partially through
NOTES: .
1 Nominal length of beams was 9%; the gpan equal to 6%; peak load, energy,

and average energy values were nomu_ud to a 3" specimen width. i

Nominal loading rate of 2,700 in/min--actual loading rate not significantly
different.

2 PFailure modes: BF denotes brittle failure; DF denotes ductile failure (of
tensile surface); D denotes ductile daformation below threshold of failure.

3 All "B" specimans failed at the fixed support at the fibarglass/acrylic
sur{ace boundary. All other specimens failed at the location of the
loading nose.

4 All one-year specimans wers actually exposed to 1 week and 21.5 hours of
artificial weathering, equal to one year and 6.7 wesks of natural
weathering.
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TABLE 3.16
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COMPARISON OF BALALINE AND ENVIRONMENTALLY CONDITIONED

Specimen
I.D. m.

C2

D2

EDGE ATTACHNENT REAMS

BASELINE

Energy
(£t-1bs)

12.9

517.5

392.5

EXPOSED
Equivalent
BExposure Energy
(years) (£t=-1bs)
1.13 15.1
2 12.1
3 13.1
1.13 525.1
2 671.7
3 777.1
1.13 333.2
2 313.3
3 244.3
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+17
-6
+ 2

+1
+30
+50




is not necessarily related to edge attachment degradation. No
visual difference could be dii ‘erned between the baseline and the
sxposed failure modes at the ¢/ ~ attachment; although, at the
impact point, the polycarbonate was noticeably embrittled on at
least one of the specimens which had 3 years of equivalent
sxposure (see Table 3.13, specimen DX-8). The F-13 monolithic
stretched acrylic canopy specimens developed closed cracks
parallel to the inner and outer acry). ¢ surface planes at the
fixed end between the fiberglass sanuwich during environmental
sonditioning plus stress. ‘These cracks did not extend into the
optical portion of the specimens and consequently could only be
seen from the edge or the end view. Only one specimen (see Table
3.13, specimen B2-13) did not develop this cracking;
significantly, this specimen was sxposed for only 1 equivalent
ysar and it also had the highest energy absorption. Even with
this cracking in the acrylic at the edge attachment, the
specimens showed no degradation nf strength compared to the
baseline test. As would be expected, the coated monolithic
polycarbonate F-16A canopies developed increased failure atrength
as more of the coating was removed by environmental conditioning,
and no edge degradation or influence on failure was noted.
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SECTION 4
BEVALUATION OF EXISTING TEST NETHODOLOGY

The durability evaluation of monolithic stretched acrylic,
coated monolithic polycarbonate, and acrylic faced/polycarbonate
laminated transparencies is highly dependent on a realistic
accelerated weathering exposure.

For this purpose, accelerated weathering has been simulated
using QUV, 120°F, 7 hour UV/5 hour condensation cycles with 168
hours run time equaling 1 equivalent year of in-service
experience. Several tests used this accelerated weathering
condition in combination with other parameters such as salt
blast abrasion, induced stress, and normal cleaning cycles.
After subjecting all material types to 3 equivalent years of
the specified accelerated weathering, surface craze and haze were
extreme; degradation being far in excess of proposed acceptance
criteria. However, after introducing cleaning cycles into the
accelerated weathering exposure condition to simulate flightline
abrasion, no haze re2dings exceeded 4 percent after 3
equivalent years. The accelerated weathering exposure alone
appears too severe; the accelerated weathering exposure combined
with normal cleaning cycles appears to be representative of
in-service usage.

An unexpected test result involved optical degradation of
the transparency specimens. Specimens subjected only to
artificial weathering (haze and transmittance, Table 3.2) showed
much greater optical deterioration than the specimens which were
tested for flightline abrasion resistance. The flightline
specimens, which were cleaned after every 21 hours of artificial
weathering (cleaning consisted of 50 cleaning operations with a
50/50 solution of water and isopropyl alcohol; see Section 3.8.2)
experienced minimal deterioration in optical quality. All of
the in-flight specimens except for the coated polycarbonate F-16A
canopy which were subjected to 2, 4, and 8 cycles of salt blast
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after esach equivalent year of weathering (see Section 3.8.1) also
naintained relatively good optical quality; the percent haze
remained less than S%. The percent haze for the coated
polycarbonate stayed relatively low for the first 2 years of
artificial weathering; however, apparently after the second year
the coating seriously deteriorated, allowing moisture and UV
light to directly attack the polycarbonate, seriously degrading
the surface. The haze and transmittance specimens, which were
only cleaned per ASTN specification FTM406, Method 3023 after
each equivalent year of weathering before haze and transmittance
readings were taken, were expected to show the least
deterioration in optical quality. This, as noted, did not prove
true. Apparently some type of surface degradation or film builds
up on the specimens during QUV exposure, while cleaning or salt

a5 v 11 s e 4l . MU0 A

! blasting removes this surface condition. Two possible

1 explanations of the cause of surface irregularjties on the haze

% and transmittance specimens are that a film buildup of minerals
or impurities from the condensation in the QUV (Note: supposedly

' the condensation purifies the water so that this is impossible),

or a breakdown in the surface molecular structure caused by UV

light reacting with the long-chain polymers at the transparency

\ surface. Because the exact nature of this surface condition was

! not known or understood to determine if it was removable by

: cleaning, the tested haze and transmittance specimens were
recleaned per the ASTM specification, and haze and transmittance

-~ readings were again taken. The specimens were subjected to the

i flightline cleaning method of 50 cleaning operations, and then

' haze and transmittance readings were taken again. The resultant

haze readings, presented in Table 4.1, were reduced for the

monolithic specimens, stretched acrylic, and coated polycarbonate.

n The laminates showed little change. The haze and transmittance

: specimens were given another cycle of 50 cleanings to determine

whether the reduction in haze and increase in transmittance

achieved by cleaning the specimens was a one-time result of

i cleaning, or if further optical improvement could be accomplished

.
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TABLE 4.1

5 HAZE AND TRANSMITTANCE SPECIMENS, 1st FLIGHTLINE CLEANING
3 Before After
ﬁ&n» Specimen 50 Cleaning Cycles 50 Cleaning Cycles
qf ' I.D. No. Percent Haze Transmittance Percent Haze Transmittance
5 j AP-1 2.57 91.7 2.04 91.8
; AP-2 2.22 91.7 1.96 91.8
. AP-3 4.09 91.6 3.34 91.7
% AP-4 2.38 91.6 2.05 91.7
E AP-5 2.76 91.7 2.36 91.8
‘ BP-1 2.59 92.8 2.45 92.9
| BP-2 3.70 92.6 3.52 92.7
d BP-3 4.10 92.6 3.88 92.7
: BP-4 4.52 92.6 4.17 92.6
i BP-5 5.78 92.5 5.36 92.5
! BP-6 4.07 92.7 3.79 92.7
§§ BP-7 3.26 92.8 3.02 92.9
: BP-8 5.32 92.8 4.91 92.6
! BP-9 7.44 92.9 6.87 92.8
cp-1 26.4 81.9 12.6 85.4
cP-2 36.3 81.8 26.7 85.2
cp-3 41.2 81.4 32.4 85.1
cp-4 29.4 82.0 15.1 85.4
cP-5 38.2 81.5 28.3 85.2 5
]
DP-1 4.22 88.0 4.42 87.8 ;
DP-2 4.29 88.1 4.20 87.9
DP-3 5.23 87.6 5.31 87.7
DP-4 4.27 87.9 4.38 87.9 ;
DP-5 5.33 87.4 5.26 87.6 :
EP-1 4.92 84.6 5.04 84.6 |
EP-2 6.83 84.2 6.71 84.3
EP-3 8.18 83.9 8.23 84.1
EP-4 7.57 84.1 7.44 84.1
EP-5 7.14 84.3 7.63 84.2
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by additional éleaning. After the second cleaning operation,
the percent haze for all of the specimens except one decreased
as shown in Table 4.2. There was no significant change in
percent transmittance. Each cleaning operation made

significant impacts in optical quality for the stretched acrylijc
and the coated monolithic polycarbonate. The cast acrylic outer
plies of the laminates did not show any improvement until the
second cleaning.

(
1::

RO = W, . Wiy -1 W LT

The conclusion reached after study of this phenomenon is
that proper cleaning is good for the continued optical quality of
A transparency. Care must be taken to minimize the time during
which the cleaning solution is in contact with the transparency
to reduce the possibility of crazing; however, if the cleaning
operation is performed correctly, the cleaning is advantageous.
The cleaning polishes the transparency surface, reducing haze.
The greatest effect was noticed with the coated polycarbonate
which, without cleaning, showed severe degradation, and with
cleaning did not degrade as severely.

D TS TS M P e,

3 The salt blast abrasion is extremely severe to transparent
plastics unless the specified cycles are held to the proposed
minimum. Thermal shock and impact requirements appear to be
satisfactory as proposed. The interlaminar bond integrity tests
for laminated transparencies, namely flatwise tension, torsional
shear, and wedge peel, require a more comprehensive design
allowables database for determining acceptance or rejection.
Edge attachments are unique to each specific design.

To be more representative of actual in-service durability
exposure conditions, accelerated weathering should be combined
with an appropriate amount of cleaning, abrasion, thermal shock,
and induced stress,
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TABLE 4.2
'HAZE AND TRANSMITTANCE SPECIMENS, 2nd FLIGHTLINE CLEANING

Before After
Specimen 50 Cleaning Cycles 50 Cl2aning Cycles
I.D. No. Percent Haze Transmittance Percent Haze Transmittance
AP-1 1.92 91.8 1.73 91.8
AP-2 1.84 91.8 1.68 91.8
. ' AP-3 2.46 91.8 2.18 91.7
AP-4 1.82 91.7 1.69 91.7
AP-5 2.27 91.8 2.23 91.7
BP-1 . 2.23 92.9 1.82 92.8
BP-2 2.95 92.9 2.32 92.7
BP-3 4.06 92.8 4.20 92.6
BP-4 3.44 92.9 3.06 92.8
BP-~5 4.08 97.9 3.01 92.9
BP-6 2.61 93.0 2.15 92.9
BP-7 2.25 92.9 1.71 92.9
BP-8 3.06 93.0 2.69 93.0
BP-9 6.46 92.9 5.17 92.9
CP-1 12.4 95.6 10.9 85.7
cp-2 20.2 85.2 12.2 85.3
cP-3 27.3 85.1 13.4 85.4
cp~4 13.1 85.6 7.1 85.7
CP-5 23.5 85.1 15.0 85.4
DP-1 3.47 87.9 2.98 88.0
DP-2 4.89 87.6 4.85 87.7
DP-3 3.82 87.9 3.15 87.9
DP-4 3.45 87.9 2.54 88.1
DP~5 5.01 87.9 3.07 87.9
g;i EP-1 4.28 84.6 4.16 84.6
- EP-2 5.42 84.5 4.53 84.6
L EP-3 6.65 84.4 4.31 84.5
AR EP-4 5.27 84.6 4.23 84.6
!F% EP-5 6.07 84.6 4.27 84.6

- Percent Haze Transmittance
ﬁ[é Standard (Before) 7.26 92.4
: Standard (After) 7.23 92.4
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SECTION 5
CONCLUSIONS/RECOMMENDATIONS

5.1 CONCLUSIONS

@ The existing test methodology is too severe as proposed
for surface/chemical craze and haze/transmittance (without
supplemental cleaning).

® The existing test methodology is satisfactory as
specified for in-flight and flightline abrasion resistance,
thermal shock, and impact resistance.

5.2 RECOMMENDATIONS

® Evaluate identical coupon-type specimens cut from the
same five transparencies taken from the field after a known ,
history of in-service exposure. Compare this database with the ?
laboratory generated data. ;

® Generate design allowables for silicone and urethane H
interlayers subjected to flatwise tension, torsional shear, and
wedge peel.

® Combine all durability test parameters into one combined ,
environmental condition. ‘

® Coordinate proposed chemical craze solvents with latest
ASTM F7.08 task force recommendations.

e Implement improved procedures for reporting in-service
maintenance problems and/or failures of USAF high performance
transparencies to the Air Vehicle SPO, AFWAL/FIER, and
appropriate transparency suppliers. Fxpedite the distribution of
up-to-date T.0O.'s relating to transparency installation and . i
maintenance. Expand the training of field maintenance personnel '
through the use of video cassettes and supplier-conducted
training sessions.
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ISOPROPYL ALCOHOL
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T
SPECIMEN ID NO.

CHEMICAL:

TINE TO CRAZE (SECONDS)
Figure A-12 (continued).

- -t
- -
- -

1
150.00 200.00 258.99 200.00 %0.89 400.00

¥
i
100.00
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3508.00 |
1508.00 |
1080.00 |
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APPENDIX B

INFLIGHT ABRASION TEST DATA
IN ACCORDANCE WITH
PROPOSED ASTM SALT ABRASION TEST METHOD
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3

- Specimen

Number

AX 1-5

Lquivalent Numbur ot
Exposure Salt Blasts Average

(years) (total)
0 0

100

UL TR BN U T T DY U KIS W

$ Trans.

90.96

91.76
91.56
91.32
91.06
90.92
90.64
89.96
89.40

90.02
90.42
90.48
90.56
90.44
90.32
89.74
89.26

89.74
89.94
89.98
89.98
89.94
89.86
89.52
88.82

174

Standard Average

Deviation

0.055

0.055
0.055
0.084
0.182
0.192
0.152
0.207
0.200

0.164
0.192
0.192
0.152
0.114
0.130
0.089
0.055

0.134
0.182
0.192
0.084
0.055
0.055
0.110
0.396

% Haze

1.06

2.21
3.09
4.20
5.56
7.65
8.73
13.80
18.10

14.64
13.76
12.94
13.78
14.48
14.88
17.98
20.80

18.84
18.60
17.60
17.74
18.1¢
18.34
20.16
23.18

Standard
Deviation

0.189

0.385
0.444
0.522
0.264
0.762
0.790
0.908
0.815

1.101
1.029
1.623
1.163
0.746
0.760
0.661
0.158

1.067
0.872
0.851
0.727
0.764
0.680
0.730
1.486

’

Fo] RN

-

i

Il




A Ik i IR T B

Equivalent Number of

Number (years) (total) %t Trans.
: BX 1-6 0 0 92.08
f: £
i 1 0 92,83
> 2 92.78
5 ' 92.73
g 8 _92.68
16 92,53
! 25 92.40
% 50 92.15
; 100 91.70
3 2 0 92.27
i 2 92. 32
! ‘ 92.40
i 8 92,28
4 16 92.15
) 25 92.12
_ 50 92.03
i 100 91.77
f 3 0 91.82
g 2 91.93
ﬁ 4 91.95
1 8 91.92
: 16 92.02
; 25 91.95
5 R 50 92.12
z 100 91.52
b i
§
’
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Specimen Exposure Salt Blasts Average

0.240

0.050
0.050
0.050
0.050
0.050
0.000
0.058
0.082

0.327
0.279
0.167
0.256
0.281
0.214
0.327
0.197

0.343
0.175
C.243
0.264
0.223
0.243
0.147
0.436

Standard Average
Deviation § Haze

1.80

2.24
2.83
3.51
4.40
6.69
8.51
13.03
17.68

9.47
9.37
9.17
9.85
11.50
13.03
15.20
18.92

16.48
15.62
15.47
15.85
15.88
l16.23
17.52
20.45

RSN o e T S TS S B BT L LTONERR 1 M A8 IR A LT 3 A BAR L4 VIR BV, T TR

Standard
Deviation

2.320

0.458
0.408
0.211
0.244
0.381
0.698
1.320
0.903

5.941
5.661
4.948
4.748
4.496
4.441
4.589
2.712

4.979
4.275
4.034
3.841
3.601
3.621
4.012
4.059
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‘ Bquivalent Number of
Specimen Exposure Salt Blasts Average Standard Average Standard
Number (years) (total) % Trans. Deviation % Haze Deviation

CX 1-5 0 0 87.0 0.122 1.22 0.188

1 0 88.56 0.167 3.65 0.430
2 88.48 0.130 4.75 0.974
4 88.38 0.130 5.41 0.957
8 88.26 0.114 5.82 0.973
16 88.16 0.152 6.81 0.838
25 88.04 0.089 8.36 1.347
50 87.90 0.100 13.94 1.297

2 0 85.52 0.901 16.60 2.444
2 85.40 0.875 16.76 2.651
4 85.40 0.964 17.68 2.602
8 85.32 1.038 18.44 2.643
16 85.18 0.947 21.08 2.956
25 85.22 1,001 23.04 3.490
50 85.14 0.996 27.78 3.529
100 85.32 1.013 31.56 4.289

3 0 81.04 1.205 31.60 4.525
2 80.94 1.410 31.96 4.181
4 80.70 l1.384 32.98 3.781
8 80.38 1.375 35.22 3.945
16 79.92 1.534 40.68 6.050
25 79.68 1.585 45.14 6.352
50 78.90 1.375 53.02 5.453 ‘o
100 77.86 1.246 6l1.88 4.030 . |
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Specimen
Number

DX 1-5

Equivalent
Exposure

Number of
Salt Blasts
(total)

SR MR B S - ORI N LA P AP RV BT S T SRR
Average Standard Average Standard
% Trans. Deviation § Haze Deviation
0 86.70 0.187 2.33 0.223
0 88.04 0.152 3.67 0.836
2 87.96 0.167 4.137 0.751
4 87.86 0.167 4.60 0.747
8 87.70 0.158 4.76 0.769
16 87.62 0.148 5.02 0.648
25 87.48 0.130 5.48 0.720
50 87.38 0.130 7.25 0.935
100 87.06 0.167 11.32 0.536
0 87.18 0.130 8.98 0.653
2 87.24 0.114 8.38 0.832
4 87.34 0.114 8.45 0.677
8 87.36 0.089 8.44 1.901
16 87.24 0.114 9.16 0.885
25 87.20 0.071 9.84 0.879
50 87.12 0.084 12,28 0.653
100 86.74 0.114 15.26 0.673
0 86.82 0.164 13.72 0.581
2 86.92 0.148 13,10 0.447
4 86.94 0.114 13.12 0.390
8 86.92 0.148 13.26 0.336
16 86.92 0.084 13.70 0.418
25 86.92 0.084 13.98 0.335
50 86.76 0.089 15.26 0.336
100 86.60 0.071 17.40 0.245
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- Bguivalent Number of
Specimen Exposure Salt Blasts Average Standard Average
Number (years) (total) % Trans. Deviation 3% Haze
BX 1-5 0 0 84.30 0.158 2,53
1 0 85.23 0.126 3.49
2 85.12 0.045 3.84
4 85.10 0.071 4.10
8 85.04 0.055 4.26
16 85.00 0.071 4.57
25 84.86 0.089 5.28
50 84.52 0.130 9.00
100 84.12 0.192 12,10
© 2 0 84.04 0.167 9.52
2 84.20 0.141 8.52
4 84.26 0.167 8.3¢C
8 84.24 0.152 8.46
16 84.32 0.084 8.72
25 84.26 0.114 9.58
50 83.90 0.100 11.76
100 83.70 0.141 14,00
3 0 83.74 0.089 11,94
2 83.90 0.100 11.56
4 83.86 0.055 11.72
8 83.82 0.084 11.94
16 83.80 0.100 12,22
25 83.76 0.089 12,60
50 83.68 0.084 13.70
100 . 83.30 0.071 15.52
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Standard
Deviation

"

0.103

0.152
0.125
0,225
0,249
0.277
0.497
1.974
1,775

1.816
1,961
1,832
1,837
1,564
1.470
1.074
1,065

1.115
1.422
1.213
1.078
1.064
0.954 v
0.869

0.589




